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I n t r o d u c t i o n  
Many k inds  o f  r e a c t i o n s  such as p y r o l y s i s ,  depolymer izat ion,  condensation 

occu r  s imul taneously  i n  comp l i ca ted  way when coa l  and t a r  p i t c h  a re  heated over  
temperature range from 350°C t o  500°C. I n  o rde r  t o  understand the  processes o f  
coa l  l i q u e f a c t i o n  and coal  ca rbon iza t i on ,  i t  i s  impor tan t  t o  c l a r i f y  t he  char- 
a c t e r i s t i c s  o f  r e a c t i o n  behaviors  f o r  coal  and t a r  p i t c h  over  t h e  temperature 
range. 

duce va r ious  k inds o f  mesophase a t  t h e  e a r l y  stages o f  ca rbon iza t i on  [ l -31.  
The mechanisms o f  many chemical r e a c t i o n s  and p h y s i c a l  t rans fo rma t ions  r e l a t i n g  
t o  mesophase fo rma t ion  a r e  s t u d i e d  by quenching techniques. 
n iques  as p o l a r i z e d  l i g h t - m i c r o s c o p y  and so on can be ext remely f r u i t f u l .  
t h e  o t h e r  hand, d i r e c t  obse rva t i on  o f  phenomena a t  r e a c t i o n  temperatures may 
y i e l d  more e a s i l y  i n t e r p r e t a b l e  o r  more r e l e v a n t  r e s u l t s .  L ine  shape o f  NMR c o r -  
responding t o  m o b i l i t y  o f  molecule and/or  segment i n  coal and t a r  p i t c h  have been 
measured a t  the temperature range o f  mesophase format ion.  

a r o m a t i c i t y  ( fHa)  a t  h ighe r  temperature o c c u r r i n g  p y r o l y s i s  and ca rbon iza t i on .  
Th is  paper deals  w i t h  obse rva t i on  o f  reso lved  NMR spec t ra  corresponding t o  aro- 
m a t i c  and a l i p h a t i c  p ro tons  a t  h i g h  temperatures i n  a t a r  p i t c h .  High reso lu -  
t i o n  NMR spec t ra  f o r  t h e r m a l l y  decomposed p o l y v i n y l  c h l o r i d e  were observed by 
S. Shimokawa e t  a l .  [4 ]  ove r  the  temperature range from 350°C t o  450°C u s i n g  t h e  
sazeappar3tu; a t  Hokkaido U n i v e r s i t y .  

I t  i s  w e l l  known t h a t  p i t c h ,  s o l v e n t  r e f i n e d  c o a l  (SRC) and cok ing  coa l  p r o -  

Such research tech-  
On 

No r e p o r t  has been appeared on d i r e c t  measurement o f  change o f  hydrogen 

Exper imenta l  
The experiments were done by us ing  a Bruker  Sxp 4-100 pu lsed  F o u r i e r  t rans -  

fo rm (FT)  spect rometer  w i t h  a h i g h  temperature probe and an improved JEOL 3H 
e lect romagnet  (0.88T) w i t h  a 60 mm gap o p e r a t i n g  a t  36.4 MHz f o r  t h e  1 H  NMR. 
I n  order  t o  improve t h e  r e s o l u t i o n  o f  a spectrum a t  h i g h  temperatures, a home- 
b u i l t  shim system was used [4]. 
i n g  gas system a r e  i l l u s t r a t e d  i n  F ig.  1. The samples as rece ived  were heated 
i n  t h e  h i g h  temperature probe and NMR spec t ra  were ob ta ined  s imul taneously .  
hea t - t rea tmen t  was done b e f o r e  measurements. Kureha p i t c h  was heated a t  10°C min- 
and t h e  o t h e r s  were heated a t  5°C min-1 t o  va r ious  g iven temperatures under n i t r o -  
gen gas f l u s h i n g .  I n  the  case o f  t he  reso lved  NMR spec t ra  f o r  e thy lene  t a r  p i t c h ,  
t h e  hea t ing  r a t e  employed was 2°C min-1. 
s t u d i e d  a r e  shown i n  Table 1. 

O u t l i n e s  o f  t he  h i g h  temperature probe and f l ow-  

NO 

C h a r a c t e r i s t i c s  o f  a l l  samples so f a r  

Resu l t s  and d i s c u s s i o n  
Temperature dependence o f  mo lecu la r  and/or  segmental mo t ion  

ReDresentative o r o t o n  NMR soec t ra  f o r  coa ls  and s o l v e n t  e x t r a c t s  f rom Coal 
a r e  shown i n  F ig .  2.' Apparently; t h e r e  i s  no s t r u c t u r e  i n  t h e  l i n e s .  
i n g  temperature produces changes i n  the  spec t ra .  
en ing behav io r  q u a n t i t a t i v e l y ,  t h e  values o f  t h e  l i n e  w id ths  a t  h a l f - h e i g h t  
( \Hi  2 )  were u t i l i z e d .  Temperature dependence o f  i s  shown i n  F ig .  3. It 
i s  o6vious t h a t  t h e r e  a re  t h r e e  d i f f e r e n t  groups w i t h  respec t  t o  temperature 
dependence o f  1H1/2. The va lue  o f  1H1/2 o f  t he  f i r s t  group t o  which Ta ihe i yo  
coa l  belongs decreases and then  increases r a p i d l y  wi th  i n c r e a s i n g  temperature. 
The behavior  o f  4H1/2 o f  t he  second group, Yubar ish inko coa l  and 6-component 
( p y r i d i n e  so lub le ,  c h l o r o f o r m  i n s o l u b l e  f r a c t i o n  o f  a coal [5]) o f  Yubar ish inko 
coal ,  resembles t h a t  o f  t h e  f i r s t  group, b u t  the curve o f  \Hi12 i s  s h i f t e d  t o  
h i g h e r  temperatures. 
b l e ,  ch lo ro fo rm s o l u b l e  f r a c t i o n  o f  a coa l  [ S I )  o f  Yubar ish inko coa l ,  coal  t a r  
p i t c h  and e thy lene  t a r  p i t c h ,  i n d i c a t e s  t h a t  t he  va lues of 

Increas-  
I n  o r d e r  t o  d i scuss  the  broad- 

The t h i r d  group, which i nc ludes  y-component ( p y r i d i n e  so lu -  

remain sma l l  ove r  
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a wide temperature range. 
them a re  mobile throughout the temperature range. 

of polarized-light microscopy. 
d i f ica t ion  from a l iquid phase proceeds t h r o u g h  the separation of an op t i ca l ly  
anisotropic mesophase. 

Optically anisotropic textures of mesophase from the samples heat-treated 
a t  the ear ly  stages of carbonization a re  classified in to  f ive  types corresponding 
to  isotropic,  f ine  mosaic, coarse mosaic, f ibrous and domain. I t  has been found 
tha t  there i s  a close re la t ion  between the sp in - l a t t i ce  relaxation time, Ti,  ob- 
served w i t h  pulsed FT NMR a t  room temperature and microstructure of mesophase, 
transformed from the parent matrix of coal.  That i s ,  the longer the  relaxation 
time i s ,  the more su f f i c i en t  the growth of mesophase from the matrix occurs as 
shown in Table 1. The parent materials,  which give the fibrous/domain tex ture  
a t  the ear ly  stages of carbonization, have the  longest relaxation time so f a r  as  
being described in the tab le .  There i s  a l so  an excellent re la t ion  between the 
microstructure of mesophase and the temperature dependence of \ H 1 / 2 .  
mum value of the l i ne  width a t  half-height with respect t o  the temperature depen- 
dence of IH1/2 i s  expressed as  lH1/2,min and used fo r  characterization of meso- 
phase texture.  IH1/2,min of i so t ropic  mesophase is  la rger  than t h a t  o f  coarse o r  
fibrous/domain mesophase and the temperature of i so t ropic  mesophase corresponding 
t o  IHl/z,min i s  lower than tha t  of f i ne  mosaic mesophase. The values of IH1/2 
in coarse mosaic o r  fibrous mesophase keep small over a wide temperature range 
(see Fig. 3 ) .  
textures concerning the broadening behavior of N M R .  

Regarding the concentration of f r ee  rad ica ls  and the l i ne  width, these values 
remain almost constant u p  t o  about 400°C f o r  coals of d i f fe ren t  rank [SI .  
fore,  i t  seems tha t  the contribution of f r ee  rad ica ls  on the NMR l i ne  width i s  
n o t  so important as tha t  of the proton dipole-dipole in te rac t ion .  

A t  higher temperatures we estimate the value o f  T1 following 

where t i s  the time a t  the amplitude of the Free Induction Decay (FID) following 
the 90" pulse being equal to  zero. 
experiment. 

Fig. 4 shows the re la t ion  between the Ti of ethylene t a r  pitch and the inverse 
of temperature. 
a ture .  I t  decreases with the increase of temperature, and reaches a m i n i m u m  
value a t  about 15OOC. As i s  shown i n  the f igure ,  TI  has  a maximum value of 190 ms 
a t  34OoC, and decreases rapidly with the increase of temperature. 

I t  is  c lear ly  marked tha t  the aromaticity of e thylene  t a r  pitch increases 
with increase of temperature a t  340'C and the formation of mesophase f o r  the 
sample heat-treated becomes observable by an optical  microscope. Rotational cor- 
re la t ion  time fo r  aromatic lamellae, which a r e  stacking para l le l  each o ther  in 
the mesophase, i s  long due t o  being in r ig id  s t a t e .  Accordingly Ti becomes shor t .  
However, more detailed discussion will  be made w i t h  fu r ther  experiments. 
NMR l i ne  simulation by means of computer 

A proton NMR spectrum from Kureha pitch a t  450°C (15 m i n )  ( a )  and a com- 
parison of the experimentally observed spectrum with a computer simulated spect-  
rum ( b )  are i l l u s t r a t ed  i n  Fig. 5. 
t ens i ty  in the wings o f  the l i ne ,  and the r a t i o  of the width a t  one-eighth height 
t o  t h a t  a t  one-half height, indicated by the symbol R(8/2) ,  i s  6.4 T h e  r a t i o  fo r  
a pure Lorentzian l i ne  i s  2.64 and f o r  a pure Gaussian l i ne  i s  1.73 [7]. 
of computer simulation the N M R  l i ne  f o r  the mesophase in Kurehapitch i s  composed 
of a t  l e a s t  three d i f f e ren t  components, i . e .  one Gaussian component with value of 
proton spin-spin relaxation time T2=7 microseconds and two Lorentzian components 
with those of T2=210 and 636 microseconds a t  36.4 MHz, respectively.  
a re  a l so  estimated as 0.85, 0.05 and 0.10, respectively.  
early stages of carbonization contains 85 percent r i g id  s t ruc tures  from the view 
point of general NMR behavior [8]. 

In some liquid crystal  systems broad pa r t i a l ly  resolved spectra w i t h  l i t t l e  
s t ruc ture  a t t r ibu ted  to  proton dipole-dipole in te rac t ion  have been observed [9-111. 
On the other hand, such spectra were not observed in t h i s  study, so t h a t  the 

This suggests t h a t  the molecules and/or segments in 

The carbonization process a t  low temperatures has been studied by the method 
The formation of low temperature carbons by so l i -  

The mini- 

B u t  no d is t inc t ion  was observed between coarse mosaic and fibrous 

There- 

equation, 
t=T11 n 2  

Pulse sequence used was 180°-r-900 i n  this 

Ti of ethylene tar  pitch has the value o f  400 nis a t  room temper- 

The spectrum ( a )  contains considerable in- 

By means 

The f rac t ions  
Kureha pitch a t  the 
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o r d e r i n g  parameters o f  t h e  samples employed would be expected t o  be v e r y  smal l .  
Th i s  r e s u l t  i s  compat ib le  w i t h  t h a t  o f  ESR s tudy  r e p o r t e d  by Yamada e t  a1.[12]. 
Resolved NMR s e c t r a  a t  thermal decomposi t ion temperature 

system was a t tached w i t h  the  magnet o f  NMR spectrometer.  
f o r  e thy lene t a r  p i t c h  a r e  shown i n  F ig ,  6. 
resonance w i t h  no r e s o l v e d  s t r u c t u r e  becomes observable.  
t h e  NMR spectrum shows two d i s c r e t e  l i n e s  apparent ly ,  200 Hz apar t .  
l i n e s  correspond t o  t h e  resonance due t o  a romat ic  and a l i p h a t i c  protons. 
ment o f  t h e  two peaks was done by  comparing w i t h  the  ones o f  a pure compound, 
acenaphthylene, wh ich  has t h e  va lue  o f  0.75 hydrogen a r o m a t i c i t y  ( fHa).  
208"C, t h e  NMR spectrum becomes narrow and s e p a r a t e l y  due t o  t h e  r a p i d  tumbl ing  
o f  molecule i n  e t h y l e n e  t a r  p i t c h .  T h i s  suggests t h a t  t h e  molecules e x h i b i t  t he  
random mot ion  s i m i l a r  t o  t h a t  i n  i s o t r o p i c  s o l u t i o n  and t h e  va lue  o f  t h e  d i p o l a r  
tensor  over  a l l  o r i e n t a t i o n  i n  them i s  almost zero i n  t h e  v i c i n i t y  o f  t h i s  tem- 
pera ture .  
carbons r e f e r  t o  a r o m a t i c  r i n g s  were n o t  ab le  t o  observe a t  t h e  h i g h e r  tempera- 
tu res ,  because o f  s u p e r p o s i t i o n  o f  p ro tons  hav ing  v a r i o u s  chemical s h i f t s .  

The i n t e n s i t y  o f  a l i p h a t i c  protons i s  h i g h e r  than t h a t  o f  a romat ic  ones up 
t o  208"C, a t  which t h e  i n t e n s i t y  change i s  observable.  
t o  e l u c i d a t e d  f rom t h e  i n t e n s i t y  o f  t h e  s p l i t t e d  spec t ra .  
merge and broaden r a i s i n g  a t  about 430OC. 
pera tures  a c c e l e r a t e s  t h e  degree of broadening o f  t h e  spectrum. 
d i f f i c u l t  t o  observe the  spectrum i n  the  range o f  a usua l  h igh  r e s o l u t i o n  NMR 
sweep w id th .  

The spectrum o b t a i n e d  w i t h  a w ider  sweep w i d t h  (25kHz) a r e  shown i n  F i g .  
7. For t h e  spectrum i n  the  f i g u r e ,  t he  r a t i o  o f  t h e  w i d t h  a t  one-e igh t  h e i g h t  
t o  t h a t  a t  o n e - h a l f  h e i g h t ,  i n d i c a t e d  by the  symbol R(8/2),  i s  7.0. Th is  l i n e  
shape i s  designated as "Super L o r e n t z i a n "  [13] which conta ins  cons iderab le  i n ten -  
s i t y  i n  the  wings of t h e  l i n e .  A f t e r  t h e  measurement o f  t he  NMR spec t ra  a t  470"C, 
the  sample was immedia te ly  quenched t o  room temperature and observed by p o l a r i z e d  
l igh t -mic roscopy .  And i t  was conf i rmed t h a t  t h e  b u l k  mesophase was produced a t  
470°C. 

When a magnet ic f i e l d  i s  app l ied ,  i t  i s  known t h a t  t he  d i r e c t i o n  o f  a l i g n -  
ment of c-axes o f  mesophase spherules i s  a l i g n e d  perpend icu la r  t o  t h a t  o f  the 
magnetic f i e l d  by i n t e r a c t i n g  magnetic a n i s o t r o p y  o f  polycondensed aromat ic  mo- 
l ecu les  w i t h  t h e  magnet ic f i e l d  a p p l i e d  [14]. On h e a t i n g  o f  e thy lene t a r  p i t c h  
beyond 430°C i n  a magnet ic f i e l d ,  a d i p o l a r  t e n s o r  i s  o n l y  p a r t i a l l y  averaged 
due t o  l ess  c h a o t i c  m o l e c u l a r  mot ion i n  a magnetic f i e l d .  
broad b u t  i s  n o t  as b road as s o l i d .  The s t r u c t u r e  o f  t h e  mesophase produced i n  
an NNR magnetic f i e l d  i s  more r i g i d  than t h a t  o f  i s o t r o p i c  l i q u i d .  

resonance frequency. Genera l l y ,  the sweep w i d t h  o f  b road l i n e  NMR i s  t h e  order  
of 1051.106 Hz, w h i l e  t h a t  o f  h i g h  r e s o l u t i o n  NMR i s  about 103Hz a t  36.4 MHz 
f o r  a proton. But  t h e  NMR spectrum o f  t h e  mesophase ob ta ined from e thy lene t a r  
p i t c h  shown i n  F ig .  7 was swept over 2 . 5 ~ 1 0 ~  Hz. 
t h e  NMR spectrum f o r  t h e  carbonaceous mesophase i s  i n t e r m e d i a t e  between those o f  
broad l i n e  NMR and h i g h  r e s o l u t i o n  NMR. 
by t h a t  o b t a i n e d  by  J. J. Fink  e t  a l . [15] .  They have measured t h e  l i n e  w id th  o f  
2 . 3 ~ 1 0 +  t o  3 . 1 ~ 1 0 - ~  T f o r  convent iona l  nemat ic and smect ic l i q u i d  c r y s t a l s .  

I n  o r d e r  !o improve the  r e s o l u t i o n  a t  h i g h e r  temperature,  a home-bui l t  shim 
Typ ica l  ' H  NMR spec t ra  

And then a t  about 123"C, 
On h e a t i n g  a t  about 84"C, a broad 

That i s ,  the 
Assign- 

A t  about 

However, f i n e  s t r u c t u r e s  due t o  the  pro tons  a t tached t o  a, Band y 

The values o f  fHa are ab le  
However, two l i n e s  

Heat ing  o f  t h e  specimen a t  h i g h e r  tem- 
Therefore,  i t  i s  

R e s u l t i n g  l i n e  becomes 

Table 2 summerizes range of sweep w i d t h  f o r  v a r i o u s  NMR t y p e  a t  36.4 MHz o f  

Thus, t he  sweep w i d t h  o f  

I t seems t h a t  t h e  r e s u l t  i s  supported 

Conclusion 
I t  c o u l d  be conc luded from the  above r e s u l t s  t h a t  t h e  m a t e r i a l s  which g i ve  

spher i ca l  mesophase on h e a t i n g  show a nar rowing  o f  t he  NMR w i t h  i n c r e a s i n a  tem- 
p e r a t u r e  which corresponds t o  s o - c a l l e d  s o f t e n i n g  and p l a s t i c  stages. 
t he  degree of mot iona l  nar rowing  o f  t h e  p r o t o n  NMR s p e c t r a  r e f l e c t s  the  degree 
o f  f l u i d i t y  a t  t he  p l a s t i c  stage. 
t i c i t y  would be mon i to red  d i r e c t l y  by u s i n g  the  NMR h i g h  temperature technique. 

Chemical r e a c t i o n s  such as p y r o l y s i s ,  depdymer iza t ion ,  condensat ion cou ld  
be c l a r i f i e d .  Moreover, a p p l i c a t i o n  o f  t h e  technique seems t o  be promis ing  i n  
t h e  mechanism o f  coa l  l i q u e f a c t i o n  as w e l l  as t h a t  o f  mesophase fo rmat ion .  

MoFeover, 

The temperature dependence o f  hydrogen aroma- 
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Table 1 

C h a r a c t e r i s t i c s  o f  samples used 

Sample C XS(d'abf.) f a l )  Tl(ms)') i n  ca rbon ized  coa l  

Tai  he i yo  coa l  77.0 6.0 1.4 0.1 15.5 0.70 1 8  i s o t r o p i c  

Hongei coal  93.1 3.2 1.0 2.7 - 0.70 58 i s o t r o p i c  

M i i k e  coal 83.5 6.2 1.2 1.8 7.3 - 421 f i n e  mosaic 

Yubar ish inko coal 86.6 5.9 2.0 0.3 5.2 0.80 488 f i n e  mosaic 

B-component Yubarishinko o f  coal 82.2 5.7 2.2 - - 0.78 531 f i n e  mosaic 

y-component o f  

Kureha p i t c h  95.2 4.2 0.1 0.2 0.3 0.86 952 f i b r o  us / doma i n 

Ethy lene t a r  94.3 5.5 0 0.1 0.1 0.78 1103 f i brous/domain 

Coal t a r  D i t c h  92.1 4.8 1.3 0.3 1.5 0.83 1560 f i  brous/domai n 

O p t i c a l  t e x t u r e  

coarse mosaic Yubarishinko coal 87.8 7.0 1.5 - - 0.80 719 

~ 

1 )  values obta ined f rom p ro ton  sp in -sp in  r e l a x a t i o n  t ime a t  - l D O ° C  [16] 

2)  p ro ton  s p i n - l a t t i c e  r e l a x a t i o n  t ime  [17] 

99 



Table 2 

Range o f  sweep w i d t h  f o r  various N M R  a t  36.4 MHz of 
resonance frequency [Ho=0.88T] 

NMR Range of sweep width (Hz) 

High  resolution 103 
I n  terrnedi a t e  i o 4  
Broad l i n e  105-106 

Magnet i c 
eld 
A 

f 

Fig. 1 

Entrance f o r  
flowing gas 
Exit fo r  
flowing gas 

Capillary tube 

Asbestos 
Quartz sample 
t u b e  
Heater 

Quartz tube 
Sarnpl e 

Detector co i l  

Thermocouple 

Outlines o f  the h i g h  temperature probe 
a n d  flowing gas system. 
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1. 3OOOC * 
( a )  Taiheiyo coal 

9 300°C ) \ 

( b )  Yubarishinko ( c )  y-component of 
coal Yubari shin ko coal 

Fig. 2 Proton NMR spectra o f  Taiheiyo coal ( a ) ,  Yubarishinko 
coal ( b )  and y-component o f  Yubarishinko coal ( c )  a t  high 
temperatures. 

0 '  I I 
100 200 300 400 500 

T ( " C )  

l i n e  width a t  half-height (AH112): 
OTaiheiyo coa l ,  0 Yubarishinko coal,  
OB-component o f  Yubarishinko coal,  
my-component o f  Yubarishinko coal,  
+Coal t a r  pitch and x Ethylene tar 
pitch.  

F i g .  3 Temperature dependence o f  the 
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10' I I 

- - 
'O1l.o 2.0 3.0 4.0 

~ / T X ~ O ' ( ~ K " )  

F ig .  4 Temperature dependence o f  s p i n - l a t t i c e  
r e l a x a t i o n  t i m e  ( T i )  o f  e t h y l e n e  t a r  p i t c h .  

Base l i n e  

7.9kHZ 

F ig .  5 A p r o t o n  NMR spectrum o f  Kureha p i t c h  
a t  45OOC ( f o r  15 min)  (a )  and a comparison 
o f  the  e x p e r i m e n t a l l y  obser'ved spectrum 
wi th  a computer s i m u l a t e d  spectrum ( b ) :  
(1) To ta l  s imu la ted  curve, (2 )  Gaussian 
component w i t h  T2=7 us, (3 )  L o r e n t z i a n  
component w i t h  T2=210 ps and (4) Lorentz- 
i a n  component wi th T2=636 vs. 

f 
1 
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208OC 

430°C Fig. 6 Proton  NMR s p e c t r a  
of e t h y l e n e  t a r  p i t c h  A a t  h i g h  temperatures. 

600 Hz 

2.5 kHz 

Fig.  7 A pro ton  NMR spectrum o f  ethy lene t a r  
p i t c h  a t  470°C. 
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